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Where is everyrody?
* (HC vum T: We found a Higgs. Nothing else.
* We know how EW symimetry (s broken.
* The burning question:

Is the EW scale natural or funed?

LHC may address this question.
(by finding evidence for naturalness).

But what (f it doesu +? s the world funed? :-0



Naturalness and LHC
* Why did we expect LHC to find the evidence

Lor naturalness?
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Just a Factor of 3

LR color factor:
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OQOutline

* Twin Higgs - Mechanism
* Folded Supersymmetry - Mechanism
* Signals:

O More fwin details

0 Twin Higgs and Higgs Precision
O Folded and squirks

* Drinks & Dinner



Twin.
The Mechanism.

* The Higgs is a PNGB of an approximate SU(4).



A Toy Example

* A global SU(4) symmetry w/ one fundamental:
V(H) = —m?*[H[* + \[H|*




SU(2) A x SU(2),

* Gauge a subgroup (a.k.a 2z orbifold of SU(4) ):
SU(2)a x SU(2)B “— see Nate's talk

/ \

our SM Fwin SM

* |n some basts, H transforms as
HA 6 _Qa{"-QVl.
"= <HB> 1 Goldstons [off.

* Gauging SU(2)4 x SU(2)p  breaks global SU(4)



R_adiative Corrections

* At T-loop:
AV =



R_adiative Corrections

* At T-loop:
2 £2
AV = 2948
6472

H' H,



R_adiative Corrections

* At T-loop:
AV =




R_adiative Corrections

* At T-loop:
AV =

X lmpose a Zo twin symmetry: [A «—— ]

\¢
5
9g2 A2
AV — (HTH 2aN 2] ) SU(4)
v 6472 atia+ Hplip tnvariant!

Does not give a Goldstone mass.



Twin Mechanism

A

* Note: Quartic ferms can violate global symmetry,
Goldstone mass only (og divergent.



SMA X SMB

* Double all of the SM. [mpose a .
(a.k.a orbifold of SU(6)xSU(4) by a Z5).

x IM PGY{‘I.CM{GY LD ytHAfAtA -+ ytHBthB
75 : quadratic divergence has the form

eA? (|Hal? + [Hp[?) gy(4) invariant:

* Ouly Higgs sector has extended global symm.
That is sufficient fFor naturalness (Rone-loop).



Folded SUSY
The Mechanism
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[ olded SUSY (Disney version)

Usually Superpartuers always

Supersymmetry commutes with B> lLave the same quanfum

2 fransformations.
gauge fransformat numbers as SM counterparts.
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Folded SUSY

W =y H,(QaTs + QBTE)

* The Higgs is protected twice:

ti \ «— fz t; g’&

ti) <\ L t;
Supersyvmmetric Folded-Supersyvmmetric

We get to choose which states to keep at low eunergies.
(That's where all the model building is).



OK, we have tnteresting mechanisms (n place.

Lets talk about
What are the Sianals



Start with the

Twin Higgs.

To understand the signals,
we should understand the model a bit better.



Cancelation

* How does the twin cancelation come about?

* (efs think about the theory of Goldstones:
(a.k.a. broken SU(4) generators)

(O ()Ohl\
0 0 0]hs

0 0 0/0
\h}‘h;OO)

For convenrence,
construct a linearly

fransforming combination:

This beast fransforms
non-linearly under SU(4).




Cancelation

. ' vV hi
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* Back to the fop Yukawa:
LDy Hatata +yHptptp

A
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Cancelation
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* Back to the fop Yukawa:
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Cancelation

* (£ you don' t ke non-linear representation,

here it (s in the linear one:

AQA BQB
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Cancelation

* (£ you don' t ke non-linear representation,

here it (s in the linear one:




Cancelation

* (£ you don' t ke non-linear representation,

here it (s in the linear one:

+ recall that met=Af



SU(H) rreskina

tA) tB
* Radiative corrections induce *Q*

AV:K(‘HA‘4—I—‘HB‘4) f

1
0 yt A
with Kk ~ = log 7
5

* Goldstone mass is my, ~ e
Tr

* Adding mixed " top partuers at 5-6 TeV
keeps this quartic funte, correct Higgs mass.

QL — (6721)
= (3,2;1,1)+(1,1;3,2) +(3,1;1,2) + (1,2; 3, 1)



* The potential as 15 gives vy = vg ~

Soft Breaking

* But then A~d4nf 15 too low.

f

V2

* Add  Viose = p|Hal? to geft v<f.

Arev) | fcev)| M (tev)| Mg (Tev) | pt(cev) |mp (cev) | Tuning
10 800 6 1 239 122 0.134
6 500 5.5 1 145 121 0.378
10 800 — 0 355 166 0.112
6 500 — 0 203 153 0.307




So..

* (et s summarize what we have:
O figgs is protected by a symmaetry.
© The model ts natural up to A beyoud LHC scale.

O All new particles below A are complete SM singlets.

* What s the phenomenology?
O (HC finds the Higgs and nothing else!l (check).
0 Then what?



Hiaas Couplings

* Higgs gauge boson couplings: IDAH,|” + |DPHp|’

(h'h)?
32

* figgs boson couplings are modified by cos(’;').

* Recall HYH4, = hih—

* This 1s umversal to all Higgs couplings.

(in linear language: h s mixing with a singlet Hg)

All SM Higgs sxBR's are modified by cos‘f(;vz)



INnvisigle Decay

* The bottom Yukawa: ypHababa + ypHpbpbp

* Expanding flg — a coupling of h to be: 995'.“(’7\%)

V

BQ(L,%[W/)—_- Sl.wz(?)

* Oue parameter, v/, is setting both Higgs
coupling modification and BR;.,.. A prediction.



Prediction

Tuning
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Other LHC Sianals

* Other collider SI.QMG{S depend on the UV:

0 Waeakly coupled UV Completion - Heavy Higgses at
~TeV, superpartuners at few T2V (eq. Craig and Howe)

O Strongly coupled UV completion - loads of resomamnces
For discovery at the 100 TeV machine! :-)

O More @ 100 TeV:

top partner
- < C(D Production via
* ¢ off-shell Hiaas

torn from talk by Nathaniel and Nima.




PEWK

* Pracision EW measurements place a coustraint

on the scale £ but depend on UV completion.
* SM Higgs (oops contribute to S & T

— modified Higgs couplings are constrained.

* Coupling modifications are “made up” by states
at cutoff or by heavy Higgs for strong/weak
UV completion (respectively).

1 /v~ mp 3 v\’ mp
AS~—| 4] 1 — AT ~ — |1 [The
° 67 (f) Og(mh> 167 cos? Oy (f) Og(mh>

Cratg and Howe 1312.134T




Folded SLASY Sianals

Higgs coupling modifications are tiny
(beyond the regular SUSY Higgs sector).

Some PEWK constratnts (see Tiji's talk).

Can we go after top partuers direct(y?



QRUIrks

* [ folded SUSY the squarks are charge under
our SU(2). x U(T)y. Can be produced.

* The spectrum is quirky ,  m > Aqcpr

LER bounds

Agcp

QCD QCD’

This s generic for non-colored
but EW-charged top partuers. gk it tiol



Quirky Dynamices

* [ regular QCD: 4
p > < p

“q
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Quirky Dynamices

* [ regular QCD: /q”
p / p

q




Quirky Dynamices

* [n reqular QCD: /q’
p > p

% (v "quirky QCD” this costs too much energy.
S?uarksl are Proo(uceo( and rematn bound!

Bjorken (79)
Okun(80)
Quinn and Gupta (81)

Strassler and Zurek(06)
Luty (08)
Burdman et al. (08)




A Hard Signal

* Aunnthilation occurs after radiation:
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A Hard Signal

* Aunnthilation occurs after radiation:

d [ B - W=
>W “squirkonium” ﬁ

(A peak tn the (wvariant
N mass of W4y

2 2 2
My~ = Mig ~ 4mg

1 > & J

l

ann®
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.®
.
.
*
*

T
ng Wy w/ Burdman et al - arXiv:0805.4667



Soft Stubf

* Having found the hard stuff, we can look for
the soft stuff.

-

Y I/Vi
\

“squirkonium”

%%%% V

An overly active underlying event...?
(RH and Wizansky 0810.3949)



Summary

* Naturalness can be had with top partuners that

are not colored.

. . / /) .
* Ovrbifolded coustns of normal models . (see talk by Craig

Fomorrow)

* Examples:

© Twin Higgs: Singlet partuers.
Signals - Higgs precision, h—>inv, maybe heavy Higgses.

O Folded SUSY: EW charged partuers.
Quirky dynamics!



Deleted Scenes




